Abstract Chronic treatment with β-adrenergic receptor (βAR) agonists increases mortality and morbidity while βAR antagonists (β-blockers) decrease allcause mortality for those at risk of cardiac disease. Levels of sympathetic nervous system βAR agonists and βAR activity increase with age, and this increase may hasten the development of age-related mortality.
Introduction
Sympathomimetic amines such as epinephrine, norepinephrine, and dopamine are agonists for the β-adrenergic receptors (βARs) (Johnson and Terrareceptor agonists increases mortality and morbidity in humans and other mammals (reviewed in Ho et al. 2010) . In humans, enhanced production of β2-adrenergic receptors resulting from specific genetic variants is inversely associated with life span (Zhao et al. 2012) . In contrast, βAR blockade with metoprolol or other β-blockers decreases mortality after acute myocardial infarct by 23 to 39 %, improves the health of individuals with heart failure, and may reduce the development of atherosclerosis (reviewed in Bristow 2000; Ellison and Gandhi 2005) . Nebivolol, which is more selective for the β1 versus the β2 receptor than metoprolol, produces similar effects to metoprolol on the heart (Grassi et al. 2003; Rozec et al. 2006) . Nebivolol also improves oxidative stress, insulin sensitivity, and plasma soluble P-selectin and adiponectin levels in hypertensive patients (Celik et al. 2006; Rozec et al. 2006) . These effects may be due to offtarget activation of the α 1 -adrenergic receptor (Celik et al. 2006; Rozec et al. 2006) .
There has been no information regarding the effects of βAR inhibitors on the longevity of healthy animals. As part of a compound screening program designed to identify potential longevity therapeutics, we studied the effects of metoprolol and nebivolol on the life span of Drosophila melanogaster and an F1 hybrid mouse, C3B6F1. This dual screening approach was utilized to increase the likelihood that identified therapeutics would be capable generally of increasing the life span of metazoans, including humans (see discussion in Spindler 2012 ). The mouse study utilized an unbalanced statistical design to compare the life span of multiple treatment groups to that of one larger control group (Jeske et al. 2012) .
The studies found that β1AR receptor blockade extends the median life span of mice and Drosophila without changing energy intake or utilization, suggesting that these effects are phylogenetically widespread, and therefore may extend to humans.
Materials and methods

Mouse life span and food consumption quantification
The studies used male B6C3F1 mice (Harlan Breeders; Indianapolis) randomly assigned to treatment groups. At 12 months of age, 297 mice were shifted from ad libitum chow feeding (diet no. 5001, Purina Mills, Richmond, IN) to daily feeding with 13.3 kcal/day/mouse of control diet (AIN-93M, diet no. F05312; Bio-Serv, Frenchtown, NJ). Thirty-six mice were shifted to daily feeding with an identical quantity of control diet supplemented with either metoprolol or nebivolol at the dosages indicated in the text. The 40 % CR group (36 mice) was shifted from ad libitum chow feeding to 11 kcal/day/mouse of AIN-93M 20 % restricted diet for 2 weeks, and thereafter to 7.46 kcal/day of AIN-93M 40 % restricted diet (diet no. F05314, Bio-Serv). The 40 % calorically restricted diet was fortified so the mice received fewer calories in the form of carbohydrate than the other groups but approximately equal amounts of fat, protein, vitamins, and minerals. Carbohydrate restriction was utilized because good experimental design specifies that to the degree possible only one parameter should be varied at a time to simplify the interpretation of results. Fifty-seven other groups were fed chemical agents in their diets. All mice were fed daily, beginning at 9 A.M. and ending at approximately 2 P.M. Feeding concluded sooner as the number of mice progressively declined as the study progressed. Food consumption and mouse health was monitored at the time of feeding, and any uneaten food was noted. With few exceptions, all food was eaten each day. The drugs were mixed with powdered diet and cold-pressed into 1-g pellets by Bio-Serv. The food was stored moisture free at 4°C until used. The mice drank acidified (pH 4.0) tap water ad libitum. Acidification greatly reduces Pseudomonas colonization of water bottles and sippers, and the nasopharynx and intestines of mice (National Institutes of Health 1994; National Research 1991) . The mice were weighed bimonthly. The mice were maintained in shoebox cages with 0.22-μm covers, under barrier conditions, four per cage, on a 12-h light/dark cycle at 22°C, and 18 % humidity. Bedding was radiation sterilized. The health of the mice was examined twice daily by laboratory staff and weekly by a veterinarian. Dead mice were stored at −20°C until necropsy. This study was approved by the Institutional Animal Care and Use Committee at the University of California, Riverside. Kaplan-Meier survival curves were compared using the Breslow-Wilcoxon test implemented in GraphPad Prism 5.01. The tests were not adjusted for multiple testing. The probability of detecting a false positive was less than 1 % (α≤0.01) (Jeske et al. 2012) .
Drug treatment and Western blotting Ten-month old male C3B6F1 mice were treated with metoprolol (1.1 g/kg diet) or nebivolol (0.27 g/kg diet) in their diets as described above, for 2 months. Tissues were collected from drug-treated and control mice, snap frozen, and stored in liquid nitrogen. Protein extracts were prepared by sonication of approximately 40 mg of heart or brain tissues in 350 μL of SDS buffer (50 mM Tris-HCl, pH 6.8, 2 % SDS, and 10 % glycerol) containing 5 μL protease inhibitor cocktail (Sigma #P8340) and 5 μL phosphatase inhibitor cocktails 2 and 3 (Sigma #P5726 and P0044) for 20 s at a setting of 7 (Branson Sonifier Analog Cell Disruptor, Model S-450A), and centrifugation at 16,000×g for 20 min. Proteins (4 % of the total protein extract) were separated by SDS-PAGE, transferred to a PVDF membrane, probed with antibodies, and developed with ECL chemiluminescence (Amersham, #RPN2135, RPN2232, or RPN2235) according to standard procedures. The antibodies were directed against phospho-MEK1/2 (Ser217/221) (Cell Signaling, #9121), phospho-p44/42 MAPK (ERK1/2; Thr202/Tyr204) (Cell Signaling, #9101), protein kinase A (PKA) C-α (Cell Signaling, #5842), and phospho-PKA C (Thr197) (Cell Signaling, #5661). Secondary antibody conjugated to horseradish peroxidase was goat antirabbit IgG (Abcam, #ab6721). Band intensity was quantified with NIH ImageJ. Protein loading was determined using Ponceau S staining of PVDF membranes, and the data plotted using GraphPad Prism (version 5.01, www.graphpad.com) . Statistical significance between control and drug-treated was determined with a two-sample t test, assuming equal variances. Drosophila life span measurements Longevity studies were conducted as described previously (Spindler et al. 2012a, b) . Briefly, only male flies were used to avoid the confounds associated with reproductive behavior. Wildtype stocks of Oregon-R-C D. melanogaster were obtained every 6 months from Bloomington Drosophila Stock Center (Department of Biology, Indiana University, Bloomington, IN). Freshly enclosed flies were sorted and treated as described (Spindler et al. 2012a, b) . A total of 200 flies per control and treatment groups were used for each study. The bottles were incubated at 25°C, 60 % humidity, and with a 12:12-h light/ dark cycle. The food was changed twice weekly. The number of flies living at each time point was determined by visual inspection. CO 2 anesthesia was not used after the initial sorting of males. Life span differences between vehicle and drug-treated groups were determined using survival analysis followed by the log rank test.
Quantification of Drosophila food consumption and locomotion Food consumption was quantified using modified capillary feeder (CAFE) (Ja et al. 2007) and fecal plaque assays (FPAs) (Driver et al. 1986; Min and Tatar 2006) as described (Spindler et al. 2012b) , and the effects of the drugs on plaque size quantified as described (Spindler et al. 2012b) . Locomotion was quantified as described previously, except that a LAM 32 activity monitor (TriKenetics) was utilized.
Results
Life span results Daily, oral metoprolol treatment of male, C3B6F1 mice, begun at 12 months of age, significantly extended median life span by approximately 10 %, from 983 to 1,080 days (P=0.016; Fig. 1a) . Similarly, nebivolol treatment significantly increased their life span by 6.4 %, to 1,046 days (P=0.023; Fig. 1b ). Considering the data together, βAR antagonists increased median life span by 8.4 % (P=0.0014). By comparison, 40 % CR begun at 12 months of ageextended median life span of the mice in this study by 23 %, to 1,191 days ( Fig. 1c ; P<0.001). CR also increased maximum life span, while the βAR antagonists did not.
We used the Breslow-Wilcoxon test to calculate the statistics reported above because it gives more weight to deaths at early time points. The survival curves of the treated and untreated mice tended to converge at extreme old age (e.g., after 1,250 days, when only about 10 % of the control mice remained). Reduced or altered drug metabolism late in life may have produced mild drug toxicity at these times. The liver becomes less effective at detoxification and more sensitive to genotoxicity with age (Dhahbi and Spindler 2003) . If the data are censored after 1,250 days, the effects of both metoprolol and nebivolol become significant according to both the Breslow-Wilcoxon (P= 0.016 and P=0.027) and the Mantel-Cox tests (P= 0.047 and P=0.046, respectively). If the censored data for both βAR antagonists are considered together, the differences from control become highly or very highly significant (P=0.006 and P=0.001 for the MantelCox and Breslow-Wilcoxon tests, respectively).
Food consumption and body weight Weight and food consumption data for each group are shown in Fig. 1d and Table 1 , respectively. The mice were fed daily, and uneaten food from the previous day was noted, and the next allotment of food adjusted accordingly. Uneaten food was identifiable by shape, color, and texture. Per mouse food consumption in the metoprolol and nebivolol groups was not different from that of the control mice (Table 1) .
The mice were weighed bimonthly. The control and drug-treated mice gradually lost weight after 12 months of age when they were shifted from ad libitum chow feeding to the defined diets (Fig. 1d) . Part of this decrease may have been due to the slight underfeeding of the mice to insure that they consumed all their food. Another part can be attributed to the age-related loss of weight found for even ad libitumfed B6C3F1 mice (Sheldon et al. 1995) .
Because the ratio of food consumption to body weight was not different between the control and treated groups at most time points, βARs are unlikely to alter rates of energy absorption and utilization. In extreme old age, the metoprolol-treated mice briefly dropped below the weight of the controls and nebivolol-treated mice (Fig. 1d) . However, just four mice remained at this time, and three of these were underweight due to pathologies. Together, these results suggest that βAR blockers do not extend life span by reducing food consumption, absorption, or metabolism.
Causes of death Necropsy results are summarized in Table 2 doubled the number of liver tumors, suggesting that they may be somewhat hepatotoxic at the treatment levels used, even though our dosages were low by comparison to those routinely used in mouse studies (see below). However, metoprolol appeared to reduce the growth rate of liver tumors by half, since the tumors from this group were approximately half the volume of those from the control and nebivolol-treated mice. This may be due to the effects of metoprolol on the β2AR (Rozec et al. 2006) . Nebivolol is more selective for the β1AR (Rozec et al. 2006) . We found no further differences in the pathologies of the mice.
Drugs effects on intracellular signaling The effects of metoprolol and nebivolol on downstream βAR signaling in the heart and brain were investigated using Western blots. Agonist binding to the βARs triggers changes in stimulatory guanine nucleotide-binding proteins, which activate adenylyl cyclases, leading to increased intracellular cyclic adenosine monophosphate (cAMP) levels, and thereby, to increased PKA activity (Farfel et al. 1999) . PKA phosphorylates proteins in the heart which alter intracellular calcium handling and the calcium sensitivity of myofilaments (reviewed in Sharma and McNeill 2011) . βAR activation also inhibits Raf activity, which activates MEK/ ERK signaling, thereby suppressing apoptosis in cardiomyocytes (Ho et al. 2010) .
We found an effect of metoprolol on PKA protein levels in the heart and brain. Metoprolol significantly reduced PKA in the heart (Fig. 3a) , while it increased levels in the brain (Fig. 3b) . However, we could not detect a significant effect on the levels of phospho-PKA, phospho-ERK, or phospho-MEK in either heart or brain.
Phylogenic conservation of the response To further investigate the longevity effects of the βAR antagonists, we determined their effects on the life span of Drosophila (Fig. 2) . Drosophila express a family of G protein-coupled receptors structurally and functionally related to the mammalian βARs . Metoprolol increased the median life span of the treated flies by about 23 % ( Fig. 2a; P≤0 .0001). It also appeared to extend their maximum life span. Nebivolol increased median life span by about 15 % without extending the maximum life span ( Fig. 2b; P≤0 .001).
These increases are not due to reduced calorie consumption or altered locomotion. Food intake was quantified by two methods: FPAs (Driver et al. 1986; Min and Tatar 2006; Spindler et al. 2012a; Spindler et al. 2012b ) and CAFE assays (Ja et al. 2007 ). Both were used because CAFE assays are widely used but FPAs recapitulate more closely the conditions of our life span studies. Results obtained with the assays are highly correlated (Spindler et al. 2012a, b) . We found no effects on food consumption using either assay (Table 3 ). The drugs produced no change in the number or size of the fecal plaques, nor the consumption of food. Thus, CR-like effects do not explain the longevity effects of drugs. Further, neither drug changed the level of locomotor activity of the flies (Table 4) . Thus, changes in activity cannot explain the increases in lifespan induced by the drugs. Instead, they must arise from alterations in the physiology of the flies.
Discussion
The work presented here shows for the first time that pharmacological blockade of the β1-adrenergic receptor with metoprolol or nebivolol can extend the life span of mice and files. The stimulation of life span in such phylogenically distant organisms suggests that the βAR signaling pathway is a fundamental mechanism regulating the life span of metazoans.
Possible mechanism for the longevity benefits of βAR blockers in mammals βARs transduce signaling by the sympathetic nervous system or circulating catecholamines to a cellular response in target organs. The heart and brain are often regarded as the major targets of βAR signaling because they have the highest density of these receptors (Daly and McGrath 2011) . Seventy to 80 % of the β1ARs and 20-30 % of the β2ARs in mammals are located in the heart (Reviewed in Ho et al. 2010) . Activation of these receptor subtypes in cardiomyocytes increases cardiac contractile force and contraction rate, increases conduction velocity and automaticity, and increases blood pressure (reviewed in Ho et al. 2010; Taylor and Bristow 2004) . The receptors signal by increasing the activity of stimulatory guanine nucleotidebinding proteins (G proteins), thereby increasing the activity of PKA (Farfel et al. 1999) . Chronic or overstimulation of the adrenergic pathways adversely affects myocyte growth and function, produces hypertension (Port and Bristow 2001; Taylor and Bristow 2004) , and is a prognostic indicator in heart failure (Esler et al. 1997 ). Mouse models of chronically enhanced β1AR, G protein, and protein kinase PKA activity suffer from increased mortality and decreased resistance to stress (see discussion in Yan et al. 2007 ). Sympathetic nervous system and βAR activity increase with age, and this increase may hasten the development of age-related cardiomyopathies (Lakatta 1993; Swynghedauw et al. 1995) . Mouse models of chronic βAR stimulation at the receptor (Du et al. 2000; Engelhardt et al. 1999; Liggett et al. 2000) , G protein (Iwase et al. 1996) , or PKA (Antos et al. 2001; Yan et al. 2007 ) levels increase mortality and decrease stress resistance.
In concordance with these results, desensitization of the βAR signaling systems in a transgenic G sα overexpressing mouse decreased the development of age-related cardiomyopathy (Asai et al. 1999 ). Knockout of the AC5 gene (AC5-KO) increases median mouse life span by ∼30 % and maximum life span by 4 months (Yan et al. 2007 ). The AC5-KO mice were protected from age-related development of cardiac hypertrophy, apoptosis, fibrosis, and decreased cardiac function (Yan et al. 2007 ). These healthrelated effects may be related to activation of Raf/ MEK/ERK signaling and to the upregulation of superoxide dismutase (Yan et al. 2007 ).
The proposed mechanisms for these positive health benefits of β-blockers include suppression of cardiac arrhythmias, reduction of cardiomyocyte hypertrophy, necrosis and apoptosis, improved calcium handling and force of contraction through suppressed fetal gene expression, increased cardiac βAR receptor density through increased receptor expression and decreased internalization, reduced serum C-reactive protein levels (reduced systemic inflammation), and restoration a Flies were treated with 5 mg/mL metoprolol or 100 µg/mL nebivolol for 2 days and monitored for three additional days at 25°C in a LAM 32 Activity Monitor (TriKenetics) b Average daily infrared beam breaks per day. Ten flies were monitored in each of six vials (N) per treatment c Two-tailed unpaired t tests were used to determine the significance of the differences between the vehicle and treatment groups of cardiac glucose oxidation (reviewed in Sharma and McNeill 2011) . Metoprolol and other βAR blockers also have been shown to induce a switch from fatty acid to glucose oxidation in the heart of nondiabetic patients with heart failure, perhaps through inhibition of carnitine palmitoyltransferase (Andersson et al. 1991; Eichhorn et al. 1994; Panchal et al. 1998; Sharma and McNeill 2011) . The longevity benefits of β-blockers reported here are likely to involve organs other than just smooth and cardiac muscle. Normal mice are somewhat resistant to the development of overt cardiovascular disease, although they do develop mild cardiomyopathy with age (Dhahbi et al. 2006) . The necropsies performed in our studies did not detect cardiac-related deaths. We found no enlarged hearts. However, βARs are more widely involved in mammalian health and longevity. Polymorphisms of the βAR genes have been associated with diseases, including asthma (Chung et al. 2011; Johnson 2001) , obesity (Martinez et al. 2003) , and cancer (Wang et al. 2006) . In cancer, they are associated with cell proliferation and apoptosis (Meinhardt et al. 1999; Sastry et al. 2007 ), chemotaxis and metastasis (Entschladen et al. 2002; Lang et al. 2004; Shang et al. 2009 ), and tumor growth (Shang et al. 2009 ). Consistent with these results, βARs are also localized in epithelium, endothelium, nerve axons/processes, and mast cells (Chung et al. 2011; Daly and McGrath 2011) . The wide tissue distribution of the receptor and the pleiotropic effects of βAR agonists and antagonists suggest that the increases in longevity found here may involve multiple cell and organ systems.
Effects of the drugs on intracellular βAR signaling Surprisingly, we found limited evidence of alterations in intracellular signaling downstream of the βAR receptors. Metoprolol significantly reduced PKA levels in the heart, while it increased them in the brain (Fig. 3) . The absence of a similar effect of nebivolol suggests that these effects may be related to the effects of metoprolol on β2-adrenergic receptor activity (Rozec et al. 2006) . Since both metoprolol and nebivolol extended life span, these results are unlikely to be related to the longevity effects of the treatments. Further, neither drug produced a significant change in the levels of phospho-PKA, pERK, or pMEK in either the heart or brain (data not shown).
The absence of a clear effect of the inhibitors on their major signaling pathways in the heart and brain may have three origins. First, inhibition of downstream βAR signaling may have been too subtle to detect by the assays employed here. Relatively low doses of the inhibitors were used, as discussed below, and thus inhibition of βAR signaling may have remained below the level of statistical significance. Second, the longevity effects of the drugs may be due to disrupted βAR signaling in a subpopulation of cells, and these effects might require assays such as immunocytochemistry for detection. A third possibility is that the major longevity targets of these βAR inhibitors are not the heart or brain. For example, metoprolol appeared to reduce the growth rate of liver tumors by approximately half, suggesting that liver might be an important target of the drug. Further studies will be required to investigate these possibilities.
Drug dosages Metoprolol was administered at 30 mg/ kg body weight/day (315 mg metoprolol/kg diet), a relatively low dose. Published mouse studies use metoprolol dosages of 20 to 165 mg/kg body weight/ day (Bartholomeu et al. 2008; Baumhakel et al. 2008; Sorrentino et al. 2011) . The recommended human dosage is 1.25 to 5.63 mg/kg body weight/day. Mouse drug dosages per kilogram body weight are often 8-to 12.3-fold higher than their human dosages due to pharmacokinetic and pharmacodynamic differences between mammals with very different body masses (Reagan-Shaw et al. 2008; and reviewed in Spindler 2012) . Thus, the dosage used here is at the lower end of that typically used in mice. Nebivolol was used at 1 mg/kg body weight/day (11.74 mg nebivolol/kg diet). Mouse studies typically use Fig. 3 Effects of βAR antagonists on PKA protein levels. a Metoprolol (Met) treatment significantly reduced PKA levels in heart relative to control treated mice (Con). Nebivolol (Neb) had no effect. b Metoprolol treatment significantly increased PKA levels in brain relative to control nebivolol dosages of from 1 to 10 mg/kg body weight/ day (Baumhakel et al. 2008; Sacco et al. 2011; Sorrentino et al. 2011) . The recommended human dose is from 63 to 500 μg/kg body weight/day. Again, a relatively low dose of nebivolol was used for the studies reported here.
Study design An unbalanced statistical design was employed to minimize the number of mice utilized per test group while maintaining statistical power (Jeske et al. 2012) . In this design, a large group of control mice and many smaller groups of "test" mice are used to maximize the number of test groups. When comparing multiple treatments to a common control, unbalanced designs have been shown to offer economic advantages (see for example, Jeske et al. 2012 for a discussion of this in the context of Weibull analyses). Specifically, we used 297 control mice and groups of 36 mice per treatment. The sample sizes in this study are similar to those required for a Weibull survival analyses set up to have an 75 % probability of detecting an 10 % increase in mean life span with a 1 % (α≤ 0.01) probability of a false positive across 58 test groups.
βAR mechanisms in Drosophila In insects, octopamine, a biogenic monoamine structurally related to noradrenaline, serves the role of a neurohormone, neuromodulator, and neurotransmitter (Roeder 1999 (Roeder , 2005 . A family of three receptors in D. melanogaster, termed DmOctb1R, DmOctb2R, and DmOctb3R, has the highest homology to the vertebrate βARs Maqueira et al. 2005) . They are activated preferentially by octopamine, a biogenic amine structurally and functionally similar to adrenaline and noradrenaline, the major vertebrate βARs (Roeder 1999) . While octopamine appears to be the primary physiological ligand of these receptors, intracellular cAMP also increases significantly in response to adrenaline and noradrenaline, suggesting they may mediate signaling in some insect nervous systems .
In larvae, DmOctβ1R, DmOctβ2R, and DmOctβ3R are expressed in salivary glands and imaginal disks, while DmOctβ2R and DmOctβ3R are expressed in midgut, and DmOctβ3R is expressed in gonads (Ohhara et al. 2012) . In adult flies, all three receptors are expressed in the CNS, and in ovary and testis (Ohhara et al. 2012) . The rate of contraction of the adult heart in Drosophila is accelerated by octopamine and by norepinephrine (Johnson et al. 1997; Zornik et al. 1999) . Together, the studies above suggest that in insects the biogenic amines recapitulate many of their key functions in mammals. Thus, the longevity effects of metoprolol and nebivolol in Drosophila may be mediated by similar pathways.
One final point is that the classical βAR agonist isoproterenol and antagonist propranolol have weak effects on the responses of all three octopamine receptors . These observations may explain why rather high oral doses of metoprolol and nebivolol were required to produce the life span effects of the β-blockers in Drosophila. Reduced uptake, bioavailability, stability, or increased metabolism or excretion of the inhibitors in flies also may have contributed. Thus, the studies presented in this report indicate that inhibition of βAR signaling in mice and flies is capable of extending life span.
